Outbreaks linked to food-borne and hospital-acquired pathogens account for millions of deaths and hospitalizations as well as colossal economic losses each and every year. Prevention of such outbreaks and minimization of the impact of an ongoing epidemic place an ever-increasing demand for analytical methods that can accurately identify culprit pathogens at the earliest stage. Although there is a large array of effective methods for pathogen detection, none of them can satisfy all the following five premier requirements embodied for an ideal detection method: high specificity (detecting only the bacterium of interest), high sensitivity (capable of detecting as low as a single live bacterial cell), short time-toresults (minutes to hours), great operational simplicity (no need for lengthy sampling procedures and the use of specialized equipment), and cost effectiveness. For example, classical microbiological methods are highly specific but require a long time (days to weeks) to acquire a definitive result.
sophisticated equipment. [2] [3] [4] Consequently, there is still a great demand for scientific research towards developing innovative bacterial detection methods that offer improved characteristics in one or more of the aforementioned requirements. Our laboratory is interested in examining the potential of DNAzymes as a novel class of molecular probes for biosensing applications including bacterial detection. 5 DNAzymes (also known as deoxyribozymes or DNA enzymes) are man-made single-stranded DNA molecules with the capability of catalyzing chemical reactions. [6] [7] [8] These molecules can be isolated from a vast random-sequence DNA pool (which contains as many as 10 16 individual sequences) by a process known as "in vitro selection" or "SELEX" (systematic evolution of ligands by exponential enrichment). [9] [10] [11] [12] [13] [14] [15] [16] These special DNA molecules have been widely examined in recent years as molecular tools for biosensing applications. [6] [7] [8] Our laboratory has established in vitro selection procedures for isolating RNA-cleaving fluorescent DNAzymes (RFDs; Fig. 1 ) and investigated the use of RFDs as analytical tools. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] RFDs catalyze the cleavage of a DNA-RNA chimeric substrate at a single ribonucleotide junction (R) that is flanked by a fluorophore (F) and a quencher (Q). The close proximity of F and Q renders the uncleaved substrate minimal fluorescence. However, the cleavage event leads to the separation of F and Q, which is accompanied by significant increase of fluorescence intensity.
More recently, we developed a method of isolating RFDs for bacterial detection. 5 These special RFDs were isolated to "light up" in the presence of the crude extracellular mixture (CEM) left behind by a specific type of bacteria in their environment or in the media they are cultured (Fig. 1) . The use of crude mixture circumvents the tedious process of purifying and identifying a suitable target from the microbe of interest for biosensor development (which could take months or years to complete). The use of extracellular targets means the assaying procedure is simple because there is no need for steps to obtain intracellular targets.
Using the above approach, we derived an RFD that cleaves its substrate (FS1; Fig. 2A ) only in the presence of the CEM produced by E. coli (CEM-EC). 5 This E. coli-sensing RFD, named RFD-EC1 ( Fig. 2A) , was found to be strictly responsive to CEM-EC but nonresponsive to CEMs from a host of other bacteria (Fig. 3) .
Here we present the key experimental procedures for setting up E. coli detection assays using RFD-EC1 and representative results.
Video Link
The 
Construction of RFD-EC1 and RFSS1 by Template Mediated Enzymatic Ligation
RFD-EC1 ( Fig. 2A) is the featured DNAzyme. It consists of the catalytic sequence EC1 and the substrate sequence FS1 (indicated by black and green lines in Fig. 2A ). RFSS1 ( Fig. 2A) is a scrambled version of RFD-EC1 where the catalytic sequence EC1 is partially shuffled into SS1 but the FS1 portion remains unchanged. RFD-EC1 and RFSS1 were made by template mediated enzymatic ligation of the oligonucleotide FS1 with oligonucleotide EC1 or SS1 in the presence of LT1 as the ligation template (see the inserted box in Fig. 2A ). The procedure for conducting the ligation reaction is provided below. FS1 was obtained from Keck Oligo Synthesis Facilities at Yale University, deprotected and purified by gel electrophoresis following a previously established protocol. [17] [18] [19] [20] [21] [22] [23] [24] EC1, SS1 and LT1 were purchased from Integrated DNA Technologies and purified by gel electrophoresis. vortexing and place the tubes in -20 °C freezer for 30 min. 11. Centrifuge the mixtures at 11,000 g for 20 min at 4 °C in a refrigerated centrifuge (Allegra X22-R, Beckman Coulter) and carefully remove the supernatant by pipetting. 12. Dry the DNA pellet using a DNA concentrator (Savant DNA Speedvac, Thermo Scientific) for 10 min. 13. Resuspend DNA pellets in 30 μL of 1× gel loading buffer (GLB), briefly vortex and spin down with a benchtop centrifuge (Minicentrifuge, VWR Scientific). The ligated DNA samples are ready for loading onto a 10% dPAGE gel.
Preparation of 10% dPAGE Gel
The following steps briefly describe the apparatus of gel electrophoresis and its set-up. For greater details about the apparatus, settings and handling, please refer to our previously published protocols. Polymerization can be confirmed by checking the residual gel mix left in the beaker. 4. Once polymerized, remove the comb gently and rinse the wells with ddH 2 O to remove residual gel solution in the wells. 5. Mount the plates onto the gel electrophoresis apparatus with the unnotched rectangular plate facing out and place a metal plate behind the notched plate. The use of the metal plate helps to prevent overheating which can crack the glass plates. 6. Add 1× TBE to the upper and lower chambers of the apparatus. Check to ensure that the wells are filled with the buffer and the lower edge of the gel is immersed in the buffer. 7. Apply a 40 mA (or 750 V) current and pre-run for 10 to 15 min.
Purification of Ligated RFD-EC1 and RFSS1 by 10% dPAGE Gel
1. Following the step of 3.7, rinse wells with 1× TBE using a syringe and a needle. 2. Load the ligation mixture of RFD-EC1 and that of RFSS1 (from 2.13) into 2 wells (one for each) using a pipettor and gel loading tips (Diamed). Apply a 40 mA (750 V) current until the bottom dye (bromophenol blue) is approximately 5 cm above the bottom edge of the plates. 3. Remove glass plates from the gel running apparatus, lie down on a flat bench top and carefully remove the spacers. 4. Carefully remove the top glass plates from the gel and wrap the gel with plastic wrap (try to avoid wrinkles and folding of the wraps on the gel). 5. The ligated products can be visualized either by UV shadowing (260 nm) or by transillumination (360 nm), which will produce a visible DNA band a few centimeters above EC1 or SS1 (100 pmol of EC1 or SS1 can be used as a marker and loaded into a well in the step of 4.2). Mark the desired DNA bands with a marker. 6. Excise the DNA band with sterile razor blades, cut the gel into small pieces and transfer into a fresh 1.5 mL microcentrifuge tube. 7. Crush the gel pieces within the microcentrifuge tube using a sterile pipette tip (200 μL tip size). 8. Add 500 μL DNA elution buffer to each tube and cover them with aluminum foil to protect the fluorophores from light. Vortex the samples for 10 min. 9. Centrifuge the samples at 11,000 g for 4 min at 4 °C in a refrigerated centrifuge (Allegra X22-R, Beckman Coulter) and carefully transfer 350 μL of the supernatant to a fresh 1.5 mL microcentrifuge tube (if needed, a second elution can be done with 350 μL of fresh elution buffer for another 10 min). 10. Add 35 μL (0.1× of the sample volume) of 3 M sodium acetate (NaOAc, pH 7.0) to each tube, mix by vortexing and spin down. Add 900 uL of cold 100% ethanol to each tube. Mix each sample by hand-shaking the tube for a few seconds. Place the tubes at -20 °C for at least 1 h. 11. Centrifuge the samples at 11,000 g for 20 min at 4 °C in a refrigerated centrifuge and carefully remove the supernatant by pipetting. 12. Add 100 μL of cold 70% ethanol and use it to gently rinse the entire inner wall of the tube. Re-centrifuge at 11,000 g for 7 min at 4 °C.
Remove the supernatant and dry the pellet using the DNA concentrator for 10 min. 13. Dissolve the DNA pellets in 100 μL of ddH 2 O and vortex. Determine the DNA concentration based on the UV absorbance at 260 nm. Store samples at -20 °C until use.
Preparation of Bacteria
1. The target bacterial strain E. coli K12 (MG1655) and relevant control strains are firstly plated onto LB agar plates from glycerol stocks. Under a flame or within a biological safety cabinet, touch the bacterial glycerol stock with a sterile pipette tip and gently streak onto the plate surface to avoid damaging the LB agar. 2. Invert streaked plates and incubate at 37 °C for 14 h. After incubation, seal the entire perimeter of the plates with Parafilm (Pechiney Plastic Packaging) and store at 4 °C. These plates can be stored for a maximum of 4 weeks.
Preparation of Crude Extracellular Mixtures (CEMs)
1. Dispense 2 mL of LB into sterile 14 mL culture tubes (BD Falcon) using a pipette gun (Corning). 2. Using a sterile pipette tip, pick a single colony from an agar plate prepared in the step of 5.2 and insert it into a culture tube. Place tubes in an incubator (New Brunswick Scientific) set at 37 °C, and shake at 250 rpm for 14 h. 3. 1% re-inoculation culture: Dispense 2 mL of fresh LB into 14 mL culture tubes and spike with 20 μL of bacterial cultures prepared in step 6.2.
Incubate the tubes at 37 °C with shaking at 250 rpm until each bacterial solution reaches an OD 600 (optical density measured at 600 nm) of approximately 1. To measure OD 600 , transfer 1 mL of each culture to a disposable cuvette and measure absorbance at 600 nm with a UV spectrophotometer (Genesys UV 10, Thermo Scientific). 4. Transfer 1 mL of each culture to a new 1.5 mL microcentrifuge tube and pellet cells by centrifugation at 11,000 g for 5 min at room temperature. 5. Transfer the clear supernatant to a fresh 1.5 mL microcentrifuge tube and store at -20 °C if not used immediately.
Detection using Fluorescence Spectrophotometer
1. Turn on fluorescence spectrophotometer (Cary Eclipse, Varian Inc) and set up data acquisition parameters with excitation at 488 nm and emission at 520 nm. Readings can be taken every minute for 1 h. 2. Wash 3 quartz crystal cuvettes (Varian Cary) with ddH 2 O, followed by 100% ethanol. Dry the cuvettes by flashing nitrogen gas. Label cuvettes C1 (control 1), C2 (control 2) and T (test).
Concept and Representative Results
The concept of exploiting an RNA-cleaving fluorescent DNAzyme (RFD) for bacterial detection is illustrated in Fig. 1 . The RFD cleaves a chimeric DNA/RNA substrate at a lone RNA linkage (blue R) flanked by two nucleotides labeled with a fluorophore (F) and a quencher (Q), respectively. As a bacterium of interest (such as E. coli) grows in media, it will leave behind a crude extracellular mixture (CEM). This CEM as a whole is then used in a in vitro selection experiment to obtain an RFD that is responsive specifically to the CEM; presumably the RFD interacts with a specific molecule (purple star) in the CEM that is a signature molecule of the bacterium. When the CEM is added to the reaction solution containing the RFD, it triggers the RNA-cleaving activity of the RFD. The cleavage event separates F from Q, resulting in a fluorescent signal that can be detected either using a fluorimeter or by gel electrophoresis.
The experimental validation of the above concept was done with the CEM from E. coli (CEM-EC). We obtained 3 RFD molecules via in vitro selection, and the most efficient one was designated as RFD-EC1 ( Fig. 2A) . 5 We tested the cleavage activity of RFD-EC1 (along with a mutant sequence named RFSS1) in response to CEM-EC. Both RFD-EC1 and RFSS1 were prepared by enzymatic ligation of the DNAzyme portions to the substrate FS1 (all sequences are shown in Fig. 2A ). In the fluorescence measurement experiment (Fig. 2B) , CEM-EC was incubated alone for 5 min, followed by the addition of RFD-EC1 or RFSS1, and by further incubation for 55 more min. The fluorescence intensity of the solution was continuously read every minute and the data was used to calculate relative fluorescence (RF; calculated as the ratio of the fluorescence intensity at time t vs. the fluorescence intensity at time 0). The RF values vs. the time of incubation are plotted as Fig. 2B . It was found that RFD-In order to verify that observed fluorescence increases are due to the cleavage of the RNA linkage, we analyzed reaction mixtures by dPAGE. Cleavage of RFD-EC1 is expected to generate two DNA fragments, a 5' fragment retaining the fluorophore and a 3' fragment retaining the quencher. Only uncleaved RFD-EC1 (unclv) and the 5′ fragment (clv) could be detected by fluorescence imaging. The dPAGE result shown in Fig. 2C reveals that the reaction mixture of RFD-EC1 and CEM-EC indeed produced the expected cleavage product, while the RFSS1/CEM-EC mixture did not.
The specificity of RFD-EC1 was examined using CEMs collected from several other gram negative and gram positive bacteria and the data is shown in Fig. 3A . Only the sample containing CEM-EC (blue curve) produced an increase in fluorescence. The lack of cross-reactivity with CEMs from the other bacteria indicates that RFD-EC1 is highly selective for E. coli.
We also examined the time needed for culturing a single E. coli cell in order to produce sufficient CEM that can induce the cleavage of RFD-EC1. For this experiment, a E. coli sample containing defined CFU (colony-forming units) was adequately diluted to achieve the concentration of 1 CFU/mL. This was followed by mixing 100 μL of the diluted bacterial sample with growth media and culturing it for 4, 8, 12, 16 and 24 h. CEMs were then collected for each timepoint and tested for inducing the cleavage activity of RFD-EC1. The dPAGE result shown in Fig. 3B indicates that a culturing time of 12 h is needed.
It is important to note that the initial small signal increase observed in fluorescence measurements after the addition of RFSS1 sequence (as a negative control) to CEM-EC ( Fig. 2B; red curve) or RFD-EC1 to other bacterial CEMs ( Fig. 3B ; all curves except blue) is attributed to the intrinsic fluorescence of the FRQ module (due to incomplete quenching of F by Q). Thus, it is expected that the addition of F-and Q-labeled sequences would produce an initial fluorescence increase. However, only RFD-EC1/CEM-EC mixtures are capable of producing a high level of fluorescence over time. 
Discussion
Most of the common bacterial detection methods today are either slow (classic microbial) or technically demanding (antibody, PCR). Thus, we believe that the next generation of detection tools should cater toward speed and simplicity. To this end, we have created an RNA-cleaving and fluorescence-signaling DNAzyme that can be used to develop simple assays to report the presence of bacteria through the generation of a fluorescence signal. The featured DNAzyme probe, RFD-EC1, is activated by the CEM produced during the growth of E. coli in culture media. Since our method uses crude extracellular mixtures of a bacterium as the target of detection and bypasses the laborious target extraction and amplification steps, it can be used to set up very simple, "mix-and-read" type of assays for bacterial detection. The use of our DNAzyme is
